H
ϩ -ATPase is one of the major proteins in plasma membranes of plants and fungi, and it is involved in many adaptive and regulatory processes. Many of the stress responses in fungi induce changes in polypeptide amount and/or activity of the pump. For example, in Saccharomyces cerevisiae, decreases in H ϩ -ATPase polypeptide are observed in stress situations brought about by nitrogen starvation (3), heat shock (12) , or ethanol (14) , while increases are seen in Zygosaccharomyces rouxii upon addition of NaCl to the growth medium (21) . On the other hand, the activity of the pump is influenced by the same stress situations and the metabolic state of the cell, often independently of such changes in the abundance of the polypeptide. Activations of pump activity by glucose (17) , nitrogen starvation (3), decanoic acid (1), and ethanol (16) are some examples.
The action of some fungicides is thought to be based on changes of membrane properties brought about by intervention in the biosynthetic pathway of ergosterol. These interventions cause abnormal sterols to accumulate. To date, no report has dealt with the effects that abnormal-sterol accumulation may have on the fungal plasma membrane H ϩ -ATPase, although the lipid composition of the plasma membrane is thought to be of great importance in membrane-bound enzyme activity. In another publication, we showed that it is useful to make a comparison between the effects of a fungicide on abnormal-sterol composition and those found in a mutant with a genetic block in the sterol biosynthesis pathway at the point where the fungicide is presumed to act (6) . These comparisons showed that the fungicides produced effects, similar to stress adaptation processes, which were not found in the mutants (6) .
In this paper, we report that accumulation of 14␣-methylated or ⌬ 8 -sterols has effects on the polypeptide pattern, hydrolytic activity, proton transport, and H ϩ /ATP stoichiometry of Ustilago maydis plasma membrane H ϩ -ATPase in cells with abnormal 14␣-methylated or ⌬ 8 -unsaturated sterols. We have again made comparisons between fungicide-treated sporidia and sterol-deficient mutants to identify the specific effects of abnormal-sterol accumulation.
Isolation of plasma membranes. Wild-type U. maydis (IMI 103761) was cultured for 48 h in minimal medium (6) on a rotary shaker at 25°C. When appropriate, 2.5 M triadimenol (triadimenol treatment [Tri-T]) or 0.1 M fenpropimorph (fenpropimorph treatment [Fen-T]) was added as an ethanolic solution to cultures of the wild-type strain at the time of inoculation. Ethanol (0.025%, vol/vol), in the absence of fungicide (ethanol control [Et-C]), was also added to wild-type sporidia as a control, since this compound may provoke activation of the enzyme (16) . Isogenic mutant strains A14 and P51 were kind gifts from J. A. Hargreaves (7, 8) and were cultured without additions, as was the above-mentioned parental strain as a control (WT). All cultures were in mid-log phase when harvested. Plasma membranes were isolated and purified by the aqueous two-phase polymer technique as previously described (5) . The most relevant characteristics of the strains used in this study are summarized in Table 1 . Details of the lipid compositions of the membranes were given in a previous article (6) .
Proton transport. The generation of a Mg-ATP-dependent change in pH was assayed by monitoring the change in fluorescence emission of the fluorescent probe, 9-amino-6-chloro-2-methoxyacridine (ACMA) (Molecular Probes Ltd., Eugene, Oreg.), as described previously (4) . The change in fluorescence emission was measured at 485 nm, with excitation at 415 nm, and recorded with a chart recorder. Vesicles were sealed, and the accumulated protons could be released by the addition of gramicidin D in all cases (Fig. 1) . The rate of proton transport (V H ϩ) in plasma membrane vesicles obtained from fungicidetreated sporidia depended strongly on the type of fungicide (Fig. 1A) . The velocity of proton transport for Et-C sporidia was 185.5 Ϯ 36. 8 ), but Fen-T led to transport velocities which were only half those of Et-C organisms (98.6 Ϯ 8.5 AU min Ϫ1 mg of protein Ϫ1 ). In WT control plasma membrane vesicles, proton pumping activity was 228.0 Ϯ 22.1 AU min Ϫ1 mg of protein Ϫ1 (Fig. 1B) , while in plasma membrane vesicles derived from the A14 mutant it was 2.5-fold greater (569.8 Ϯ
AU min
Ϫ1 mg of protein Ϫ1 ) and in those from the P51 mutant the rate was ca. 0.3 times that of the WT control (67.2 Ϯ 7.8 AU min Ϫ1 mg of protein Ϫ1 ). Vesicle sidedness and ATP hydrolysis. Since rates of proton transport can be greatly influenced by the proportion of insideout vesicles in the preparations, a series of latency tests on the hydrolytic activity of the plasma membrane H ϩ -ATPase were done ( Table 2 ). The medium for ATPase assay consisted of 0.33 M sucrose, 100 mM morpholineethanesulfonic acid (MES) adjusted to pH 6.5 with Tris, 1 mM sodium azide, 0.1 mM sodium molybdate, 50 mM potassium nitrate, 3 mM magnesium sulfate, 3.5 mM ATP (sodium salt), and 2 to 5 g of membrane protein in a total volume of 240 l. Assays were run for 10 min at 37°C. Under these conditions, the concentrations of Mg-ATP and free Mg 2ϩ were 2.5 and 0.5 mM, respectively, as calculated with the program CHELATOR. The reaction was terminated by adding the stopping reagent for phosphate determination (11) . Latency was determined in the presence and absence of 0.0125% (wt/vol) Triton X-100 in the reaction medium as described previously (5) . Plasma membrane preparations from both the WT control and Et-C sporidia were a mixture of 50% inside-out (cytoplasmic-side-out) and 50% right-side-out vesicles. Strain A14 showed a remarkable increase in inside-out membranes. In contrast, Fen-T yielded preparations with nearly 1.5 times more right-side-out vesicles than Et-C. On the other hand, in plasma membranes from P51 and Tri-T sporidia the proportion of right-side-out vesicles did not differ from those in the WT control and Et-C organisms, respectively.
These differences in the proportions of transport-competent vesicles (i.e., inside-out) among strains were taken into account and used as correction factors for the observed V H ϩ. After normalization (Table 2) , the rates of proton transport showed that P51 strain still pumped protons 2.6 times more slowly than the WT control, while Tri-T organisms exhibited a ca. 2-fold greater rate of proton accumulation than Et-C organisms. However, rates in plasma membranes from Fen-T sporidia were not different from the values calculated for vesicles from Et-C sporidia ( Table 2) .
The activity of the pump measured as hydrolysis of ATP was seen to either increase or remain similar to values for controls in all cases (Table 2) . Tri-T organisms displayed an increase in hydrolytic activity compared with Et-C organisms, as expected from the data on proton transport, but A14 showed no significant differences with respect to the WT control. In contrast, both Fen-T sporidia and P51 had greater ATP hydrolytic activities than the corresponding controls (i.e., 1.6 and 1.2 times above the levels measured for Et-C sporidia and the WT control, respectively), although the proton transport activities in these vesicles were lower. The latter figures suggested that the pump may be uncoupled in the presence of ⌬ 8 -sterols. Addition of fungicides to isolated plasma membrane vesicles did not have any effect on hydrolytic or proton pumping rates (data not shown).
H ؉ /ATP coupling. Aliquots of the assay medium of proton transport (100 l) were taken before and after the reaction was started and were added to 140 l of 15% (wt/vol) trichloroacetic acid, and the amount of phosphate released was determined. Coupling indices were calculated as the quotient of the observed proton pumping rate and the amount of phosphate released. These simultaneous measurements of phosphate release and proton transport gave values for coupling indices 1.6-and 4.2-fold lower for Fen-T and P51 than for Et-C and the WT, respectively, but no differences were observed when analyzing plasma membranes vesicles derived from 14␣-methylsterol-accumulating sporidia (Table 2 ). Glucose activation of the H ؉ -ATPase. The possibility that changes in sterol composition could lead to differences in the glucose activation of the pump was also considered. After 48 h of growth, cells were centrifuged and transferred to flasks containing fresh minimal medium with 2% glycerol as the sole carbon source for 1 h to assess the extent of glucose activation of the proton pump. However, plasma membranes obtained from glucose-fermenting and glucose-starved cells of the WT control showed no differences in ATPase activity or sensitivity to vanadate (1.418 Ϯ 0.203 mol of P i min Ϫ1 mg Ϫ1 and 52.8% Ϯ 1.6% inhibition by 10 M vanadate for glucosefermenting cells and 1.773 Ϯ 0.010 mol of P i min Ϫ1 mg Ϫ1 and 50.5% Ϯ 0.9% inhibition by 10 M vanadate for glycerolmetabolizing sporidia [means Ϯ SEs; n ϭ 2]).
Western blot analysis of the plasma membrane H ؉ -ATPase. Plasma membrane proteins were separated electrophoretically in 8% polyacrylamide gels by using the buffer system of Laemmli (9), transferred to nitrocellulose, and probed with a polyclonal antibody raised against the yeast PMA1 gene product, diluted 5,000-fold. Blots were developed with alkaline phosphatase-linked secondary antibodies. All preparations showed a distinct band at ca. 104 kDa, the only present in preparations of plasma membranes from the WT control and Et-C sporidia (Fig. 2) . Surprisingly, all treated and mutant strains showed not only this band but also a second one at ca. 99 kDa which was hardly visible in samples from the WT control and Et-C organisms, even in gels loaded with ca. 10 times more protein (data not shown). The facts that this band appears in plasma membranes from sporidia that accumulate abnormal sterols and that no degradation was observed in Coomassie bluestained gels (data not shown) suggest that this 99-kDa band is not an artifact. On the other hand, a polyclonal antibody raised against the C-terminal domain of the yeast PMA1 gene product did not cross-react with any polypeptide (data not shown). Densitometric quantification of the bands showed no changes for the normal (104-kDa) band, with the exception of P51 with respect to the WT control (Table 3) . On the other hand, the 99-kDa band was induced ca. threefold in both mutants and fungicide-treated sporidia in comparison to the WT control and Et-C organisms. No correlation was apparent between changes in hydrolytic activity or proton transport and amounts of H ϩ -ATPase polypeptide or the 99-kDa band in samples from abnormal-sterol-accumulating organisms.
Conclusions. Abnormal ⌬ 8 -sterols and C-14␣-methylated sterols had contrary effects on the rate of proton pumping in U. maydis plasma membrane vesicles (Table 2 ). In the presence of ⌬ 8 -sterols, H ϩ translocation across the vesicles seemed to be inhibited. The effects that treatments, mutations, or different growth conditions may have on the sidedness of the vesicles have traditionally been disregarded. However, the way in which membranes reform after cell disruption depends on the physical characteristics of the bilayer, which can be affected by the sterol composition. Correction of the rates of H ϩ transport and comparison to the ATP hydrolytic activities suggested a change in the stoichiometry of the pump in plasma membranes of ⌬ 8 -sterol-accumulating organisms, while enhancement of hydrolytic activity was the cause for increased proton pumping in plasma membranes of 14␣-methyl-sterol-accumulating organisms (Table 2) . This view was supported by the fact that a Data are means Ϯ SEs of three independent experiments. Letters indicate significant differences as evaluated by the least-significant-difference test with respect to Et-C-treated sporidia (A), control WT sporidia (B), A14 (C), and P51 (D). Letters indicate significant differences evaluated by the least-significant-difference test (at a 95% confidence level) with respect to Et-C-treated sporidia (A), control WT sporidia (B), and P51 (C). No significant differences were found with respect to A14. latency values decreased only in the case of A14, while in the other cases, the lack of changes or even increases in latency values indicated that abnormal-sterol accumulation did not prevent vesiculation of membranes upon cell breakage. Furthermore, these effects cannot be attributed to increased proton permeability of the lipid bilayer, since this parameter does not change appreciably in these vesicles (6) . A change in the stoichiometry of the pump in ⌬ 8 -sterol-accumulating sporidia was confirmed by experiments in which ATP hydrolysis and V H ϩ were determined simultaneously ( Table 2) . Assuming a stoichiometry of one proton pumped per molecule of ATP consumed for enzymes of the WT control and Et-C sporidia (13, 18) , P51 showed a stoichiometry of ca. 0.2 H ϩ /ATP and Fen-T sporidia showed a stoichiometry of ca. 0.6 H ϩ /ATP ( Table 2) . Similar values have been reported for the yeast plasma membrane H ϩ -ATPase from cells grown in the absence of glucose (20) . However, in this case, changes in glucose activation of the pump can be ruled out since no glucose activation has been observed. The mechanisms by which this uncoupling occurs remain obscure, although involvement of the C-terminal domains of the sarcoplasmic reticulum Ca 2ϩ -ATPase and S. cerevisiae plasma membrane H ϩ -ATPase have been suggested in the case of these two P-type enzymes (2, 21) . Also, the N-terminal domain has been associated with lipidprotein interactions (10) . Therefore, the idea of a interaction of membrane sterols with the ATPase C or N terminus is a plausible explanation for the phenomenon observed in U. maydis plasma membrane vesicles, and it would be worth further investigation. On the other hand, sterols have access to nonannular binding sites of P-type ATPases (19) .
The ATP hydrolytic activity did not show a recognizable pattern of variation in relation with the sterol composition. A small increase in the amount of H ϩ -ATPase polypeptide may account for the increased hydrolytic activity observed in the P51 mutant and, less clearly, in the case of Fen-T sporidia. However, this explanation is not applicable to A14. Although in plasma membranes from abnormal-sterol-accumulating sporidia a second ATPase-like band was observed on Western blots (99-kDa band), no correlation between ATP hydrolytic activity increases and changes in amounts of the 99-kDa band was evident. The difference in molecular mass between H ϩ -ATPase and the 99-kDa band is similar to the molecular mass of the C-terminal domain of the yeast H ϩ -ATPase (15) . However, a lack of cross-reactivity of U. maydis polypeptides with the yeast H ϩ -ATPase C terminus-raised antibody prevented confirmation of the putative involvement of this domain.
The results presented here show that abnormal-sterol accumulation has direct and indirect effects on U. maydis plasma membrane H ϩ -ATPase. Some of these effects are sterol type specific, such as the effect of ⌬ 8 -sterols on H ϩ /ATP stoichiometry, while the induction of the 99-kDa band seems to occur in the presence of both types of abnormal sterols. Finally, the increases in ATP hydrolytic activity seem to be indirectly linked to the presence of abnormal sterols.
